Cell fusion and measurement of membrane properties using electric fields and other forces 
Germany
There are already several reviews of the fusion of cells by the use of electric fields: the procedure usually conforms to a recognizable pattern. The cells, spheroplasts or protoplasts are transferred to a low-conductivity medium and then brought into close membrane contact by means of an alternating electric field. Next, one or more field pulses of such strength are applied that reversible membrane breakdown occurs. After a short time the fusion process has occurred and the cells can be transferred to normal media (the established hybrid-selection media are used where appropriate).
In order to prevent irreversible breakdown of the membranes it is important that the length of the breakdown pulse(s) is short (normally 5 -3 0 p but no more than 1 ,us in conductive media). Long pulses must be avoided because they give excessive evolution of heat and electrolytic products. Cell contamination by material set free from the electrodes should be minimized by fabricating these from an inert metal (e.g. platinum).
The control which can be exercised over these individual steps makes this 'classical' process very flexible and a delightful experimental system. The principles behind the steps and their detailed use have been extensively described (Zimmermann, 1982; Zimmermann et al., 1980a Zimmermann et al., ,b, 1981 Zimmermann et al., , 1984a Zimmermann et al., ,b,c, 1985 . In this concise article we survey recent improvements to and variations upon the established technique.
New cell types and higher yields
There were early indications that the electrofusion method is capable of fusing any cell type, and further examples of this can now be presented. It should first be mentioned that not only cells but also liposomes may be fused (Biischl et al., 1982) . Salhani et al. (1985) were able to fuse Petunia cells with 'Friend' cells (an erythroblast cell line), despite the considerable difference in osmolarity of these cells. Although inter-kingdom fusions usually result in a hybrid in which one or other 'parent' dominates, in this case it was possible to demonstrate both cell-wall regeneration and the induction of haemoglobin synthesis in the products.
When fusing yeast protoplasts having distinct genetic markers, use of optimized concentrations of albumen and of divalent ions in the fusion medium was found to give a spectacular increase in the yield of viable hybrids (Schnettler & Zimmermann, 1985) . When the 1 . 2~-sorbitol originally used was supplemented by 0.1 mMCa2+, 0.5m~-Mg'+ and 1 mg of serum albumen/ml, 300WOOO hybrids were obtained per filling of the helical chamber. Only about one half of this yield was obtained in the absence of albumen. These figures should be compared with the 50-60 hybrids obtained in sorbitol alone (Schnettler et al., 1984) .
The question arises as to why albumen has such a beneficial effect, which is apparently limited to yeast fusions. One possible explanation is that albumen binds the lipids disturbed by the breakdown pulse. This hinders regeneration of the original membrane area but promotes the formation of the fusion aggregate. were able to show that also when forming hydridoma cells, the above concentrations of divalent cations led to a high yield. However, the correctly timed addition of resealing medium (containing optimized concentrations of electrolyte) was also important. In the case of the fusion of bacterial spheroplasts, Ruthe & Adler (1985) found that the membranes were apparently stabilized against pulse damage by millimolar quantities of Mg2+.
The possibility of cell lysis because of swelling after breakdown and its prevention by the use of certain solutes (Zimmermann et al., 1976 ) may also be important in the development of optimized fusion media. In studies of breakdown-pulse-treated erythrocytes, macromolecular solutes have been used to prevent swelling (i.e. to balance the colloid-osmotic pressure of the cytoplasmic protein) so that the permeation of smaller molecules can be measured. Thus it has been found that pores formed by milder breakdown pulses may be permeable to Rb+ but not to sucrose (Serpesu et al., 1985) . Schwister & Deuticke (1985) have shown large differences in the permeability of pores to a wide range of small ions and sugars. As pulse voltage and length are increased, a second stage of permeability increase is observed.
Although high yields of viable, fused plant cells have also been obtained by electrofusion (Tempelaar & Jones, 1985a,b) , it is thought that the viability of fused plant cells may be compromised by the vacuoles. These may release salts, acids and lytic enzymes, and their large size may also act to inhibit cell division. Noting this, Griesbach & Sink (1983) developed a centrifugal method of vacuole removal. Hampp et al. (1985) have demonstrated that evacuolated cells may also be electrofused (see the section 'Electrofusion as a research tool', below).
The question of the effects of electrical fields and lowconductivity media on living cells is sometimes raised, but the production of large numbers of viable hybrids in the above systems shows that in practice the standard electrofusion technique is compatible with living cells. More specifically, Forster & Emeis (1985) have shown that the dielectrophoretic field is not significantly harmful to yeast cells. In any case, dielectrophoretic collection can be completed in 15-30 s , whereas 10min dielectrophoresis was found not to alter the growth of 3T3 (fibroblast) cells (Zimmermann et al., 1982) .
The use of low-conductivity media is not expected to be damaging to cells any more than it is in the wellestablished techique of cellular (free-flow) electrophoresis (Hannig, 1982) . It can actually be argued that low ionic strengths are beneficial: a study of the membrane permeabilities of various ions after breakdown of erythrocyte membranes has shown an increase at higher ionic strengths (Schwister & Deuticke, 1985) . For special purposes (e.g. when high conductivities must be used, or for the production of giant cells) some alternative collection methods are described below.
Fusion without dielectrophoresis
When it is possible to dispense with the alternating field method of collecting cells, the troublesome heat production that occurs on prolonged field application to media of higher conductivities is eliminated.
Using Fe,O, particles, Kramer et al. (1984) were able to produce magnetically coated erythrocytes. By means of crossed magnetic fields ( Fig. 1 ) the coated cells could be attracted into a small volume. The force directed towards the centre of this region was sufficient (the fields had strong gradients) to give contact between the cells. Application of two field pulses gave fusion. The coated cells do not create a local field inhomogeneity to the same extent as do cells in a dielectrophoretic field, and so the cells aggregate rather than first forming pairs. Therefore this process is particularly suited to the production of giant cells, especially if a high cell suspension density is used. If the fusion products contain Fe,O, particles, this may be used to advantage in a subsequent magnetic isolation of fused cells, allowing, for example, the isolation of hybrids formed from commercially important yeast cells (which possess no genetic markers usable for selection). The breakdown voltage of the coated cells was measured to be 40% higher than normal cells, and the fusion pulse necessary was considerably stronger and longer than expected. Possibly the magnetic coating acts to attenuate shorter pulses or to prevent the optimum contact between cell membranes.
In the case of hybridoma cell production, Lo et al. (1984) were able to ensure proximity between Blymphocytes and myeloma cells by synthesizing a selective cross-bridge between the two. The B-cell is bound by the antigen against which it is specialized (the surface of the B-cell has receptors for this antigen). The myeloma cell surface is modified with biotin and therefore binds to avidin molecules, which are covalently linked to the antigen.
The fusion of myeloma cells with only those Blymphocytes that are secreting a particular antibody can be achieved. Although this technique is interesting, it does require the time-consuming multi-step synthesis of a new link molecule for each new antibody to be produced. In addition, it requires the antigen to be strongly interacting.
In a sonic field, forces are exerted on particles in a somewhat analogous manner to those exerted during dielectrophoresis (Nyborg, 1978) . The force exerted in the sonic field depends on the difference in density between particles and medium, whereas in dielectrophoresis it is the difference in dielectric constants that is important.
However, sound wavelengths may be used that are much smaller than the fusion chamber. This permits not only the production of pearl chains (in a purely propagating wave) but also the concentration of cells at standing-wave pressure maxima. Cells are often completely absent from other regions of the standing-wave pattern. Vienken et al. (1985) were able to use 1.0MHz ultrasound (1 mm wavelength) to concentrate erythrocytes or myeloma cells. The standing-wave maxima of 0.5 mm periodicity were developed between the co-axial electrodes of the apparatus shown in Fig. 2 . Fusion followed application of a pulse consistent with normal electrofusion practice, so presumably good membrane contact was achieved. By variation of the cell density, preferential formation of two-cell or of multi-cell fusion products was possible.
In the 'electro-mechanical' method of fusion, cells are first pulsed in a discharge chamber and then brought into close contact by centrifugation . The production of yeast hybrids from densely packed protoplasts has been demonstrated in preliminary experiments. Large quantities of cells can be handled without the addition of fusogenic chemicals. In this connection it should be noted that the application of a breakdown pulse to sufficiently high cell suspension densities should also give fusion, because random collisions between cells combined with the dielectrophoretic force of the pulse itself should give enough membrane contact. Indeed this was suggested in 1978 by Zimmermann & Pilwat. Membrane contact is also possible in cell monolayers grown to confluence, as shown by Blangero & Teissie (1 983).
Electromechanical fusion can only work if the breakdown pulse has a fusogenic effect which lasts more than a few seconds. Such an effect was noted by Vienken et al. (1983~) : previously aligned cells jumped apart on application of the field but subsequently came slowly together and fused. Sowers (1984) seems to have observed a related effect.
A final method of bringing cells together without the use of a radio-frequency field would be to use laser beams. The practicality of this has been confirmed by the demonstration of the laser-levitation of 7 pm diameter oil-drops (Ashkin & Dziedzic, 1985) .
Electrofusion as a research tool
In as much as the artificial formation of polyploid cells and hybrids is extremely interesting to geneticists, all fusion techniques are potential research tools. However, the unique attributes of electrofusion (namely the ability to select and inspect fusions resulting from particular cells and the knowledge of the exact moment of the fusion event) permit applications in other disciplines. Sowers (1984) has attempted to use these advantages in examination of the transfer of fluorescent label between the membranes, and between the cytoplasms, of erythrocyte ghosts. Erythrocytes were examined in another study (Sowers, 1985) . However, we will not discuss the results because the long pulse lengths used will have caused serious heating.
It must also be noted that the rate of rounding of cells after fusion has been initiated can yield information on the rate-limiting factors. Thus Verhoek-Kohler et al. (1983) were able to show that the rate of rounding was influenced by the energy charge of the cells, which could be influenced by various metabolic inhibitors. On the other hand, various physical factors, e.g. the viscosity and surface tension of the cell membrane, may also be important. That the effective viscosity of the cell contents is sometimes limiting can be seen from the observation that, compared with protoplasts, fused vacuole-less cells round up very slowly (Hampp et al., 1985) , although vacuoles fuse very fast (as do liposomes). Hampp et al. also found that the threshold voltage for fusion of protoplasts is almost double that for evacuolated cells. It may be deduced that the vacuole membrane is electrically in series with the plasmalemma under fusion pulse conditions.
With regard to the mechanism of electrofusion itself, detailed observations of plant protoplast fusions show the development of vesicles from what was the membrane-contact zone (Vienken et al., 1983b; . The arrangement of these vesicles may reflect periodicity in the contact points as predicted from the membrane-wave theory (see next section). Periodicity in the contact area of polylysine-aggregated erythrocytes has been observed by Hewison et al. (1986) .
Theoretical progress
Until recently, reversible membrane breakdown was thought to be due to field-induced isotropic compression of the membrane (see, e.g., Zimmermann, 1982) . However, this model cannot explain the increase in breakdown voltage as the pulse length is shortened (observed by Zimmermann et al., 1981) . Dimitrov (1984) has shown that membrane breakdown can also be predicted on the basis of the development of spatially periodic changes in membrane thickness. The amplitude of these stationary 'waves' is expected to increase in an exponential manner once a critical voltage is exceeded, so giving breakdown. This theory enables the prediction of the observed breakdown voltage (provided that an appropriate membrane surface tension is assumed), and of the observed pulse-lengthdependence (provided that an appropriate membrane viscosity is assumed). The theory only applies to the reversible breakdown which occurs at relatively short pulse lengths, whilst the irreversible breakdown found at longer pulse lengths (Chizmadzhev & Abidor, 1980) still appears to be a completely distinct phenomenon. Cell fusion can also be treated by a stability analysis of two visco-elastic membranes separated by a thin aqueous layer (Dimitrov & Jain, 1984 to which the effects of surface charge can also be added (Gallez et al., 1984) .
A second area in which the theory behind electrofusion has changed is in that of dielectrophoresis. The original equations giving the force on cells in a non-uniform electric field were based on energy calculations which are only strictly valid for a system that is not electrically lossy. In low-conductivity solutions at high frequencies (i.e. normal electrofusion), the error is small (but not under other conditions). The dielectrophoretic force has been recalculated using the concept of electromagnetic momentum (Sauer, 1983 (Sauer, ,1985 . Momentum is conserved even in a lossy system and so the calculations are widely applicable. Earlier treatments of the dielectrophoretic force in conductive solutions (Jones & Kallio, 1979; Benguigui & Lin, 1982) are not so general because they do not allow for media which have a dielectric loss mechanism (which is likely to occur in protein-containing solutions at MHz frequencies).
One result of the new theory is the prediction that if two cells are attracted to each other when the line connecting their centres is parallel to the electric field, then they will repel one another when that line is perpendicular to the field (Sauer, 1985) . This has interesting consequences for the dynamics of the formation of pearl chains. It also means that, in the particular case of giant cell formation, dielectrophoresis is probably not the method of choice for bringing the cells together. The best type of aggregate (with close membrane contact along all three spatial axes) will be more easily formed by a less directionally specific force, e.g. magnetism or ultrasound (see the section 'New cell types and higher yields').
Although some aspects of electrofusion are now better explained, the observation of asymmetrical transport of dyes on the two sides of cells subjected to breakdown poses a new problem. Using a variety of fluorescent dyes it was possible to show that uptake of dye into plant protoplasts occurs mainly on the side facing the anode. The mechanism is not certain, although the asymmetrical addition of resting and fieldinduced membrane potentials is pointed out, and an influence of surface potential is also possible. Studies on animal cells have yielded more complex results (H. Stopper & U. Zimmermann, unpublished work), and it can be expected that the phenomenon will be of relevance to field-induced DNA-mediated transfection.
Conclusion
We have summarized a range of new techniques already in use in the study and practice of electrofusion, but yet other methods are in development. For example, antibody-secreting lymphocytes can be distinguished from unstimulated lymphocytes (the vast majority) by electric-field-induced cell rotation . The use of this technique to select lymphocytes before hybridoma production should greatly increase the proportion of productive products.
The correct length of breakdown pulse for electrofusion can also be deduced from rotation measurements, which give the cell charging time directly. In addition, the measurement of the electrical parameters of membranes (Zimmermann & Arnold, 1983; may yield insight into fusion mechanisms. For example, preliminary rotation measurments have detected a 614th MEETING, OXFORD substantial decrease in the membrane resistivity of plant protoplasts after treatment with 10% polyethylene glycol. The mechanism may be similar to that of the permeability increase produced by this chemical (Aldwinckle et al., 1982) .
In this review of recent developments it may be appropriate to end by postulating that electrofusion is not a new process, but actually one of the oldest on the Earth. Studies of the waveform produced in the ground by a lightning stroke show that it could cause fusion. If cells should be trapped between rocks which are more conductive than the surrounding earth, then it is realistic to expect cell fusion at distances of 10CL300m from the strike (Kuppers et al., 1984) . Suitable electric fields may also result from piezoelectric effects during earthquakes (Zimmermann et al., 1984b) . It is also known that electric fields can lead to uptake of smaller cells into larger ones (Zimmermann et al., 1984~) . The hybridization of primitive cells (Kuppers & Zimmermann, 1983) and even the incorporation of the precursors of chloroplasts and mitochondria into primeval eukaryotes may therefore have depended upon electrofusion.
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